In continuation of previously reported results, the ionic liquid 1,5-diazabicyclo[4.3.0]non-5-ene-1-ium acetate was also found to be a powerful non-derivatizing solvent for cellulosic waste such as paper and cardboard. The ionic liquid could dissolve all the present bio-polymers (cellulose, hemicellulose, and lignin) in high concentrations, resulting in solutions with visco-elastic properties that were suitable for dry-jet wet fiber spinning. The cellulosic raw materials were refined gradually to identify the influence of residual components on the spinnability of the respective solution. Polymer degradation and losses in the spinning process could be avoided nearly entirely. With the exception of virtually unrefined cardboard, all the samples showed excellent spinnability, resulting in fibers with high tensile strength. Prototype textiles were produced to validate the quality of the fibers and demonstrate the possibility of using residual lignin in cardboard as a natural dye. † Electronic supplementary information (ESI) available. See
Introduction
The increasing disposable income of the growing middle class in emerging economies will trigger a significant rise in the global purchasing power. Amplified by an estimated population growth of 20% (1.4 billion) over the next two decades, we will not only face a hitherto unseen need for consumption goods, but also a new peak in waste production. 1 Paper and paperboard represent almost 30% of the total generated municipal solid waste. Despite a high recycling rate of ca. 60% in the Northern countries, paper and cardboard waste still represent a substantial amount of total landfills, ca. 15% in the United States 2 and roughly 18% in the European Union. 3 At the same time the growing worldwide demand for end-use products is depleting natural resources at an alarming pace. The cultivation of natural products has started to lag behind their consumption. This also affects the global textile industry which showed an increase in production volume of 2.8% to 92.3 million tons in 2013. 4 Although cellulosic fibers cover only a small share in the manmade fiber segment, their unique properties associated with moisture management, breathability and wearing comfort of the respective garment render cellulosic fibers indispensable for the apparel industry. The per-capita consumption of cellulosic products is predicted to rise from currently 3.7 to 5.4 kg in 2030. By contrast, the cul-tivation of cottonthe main source of cellulosic textile fibersis no longer expandable and showed its first minus of 4.1% during the 2012/13 season. Man-made cellulosic fibers made from wood pulp have been proposed to compensate for this so called cellulose gap. Cellulose processing from pulp, however, requires special techniques to dissolve cellulose and regenerate it again as a shaped product. Several processes for the production of man-made cellulosic fibers have been developed 5, 6 but only two are currently of commercial relevance: In the viscose process cellulose is derivatized with CS 2 to form the xanthate which is soluble in caustic soda and is then spun into a sulphuric acid coagulation bath where cellulose filaments are formed upon hydrolysis of the xanthate. Despite the implementation of substantial amounts of CS 2 and hazardous byproducts this process is clearly dominating the man-made fiber market with 4.6 million tons in 2013. 7 The alternative Lyocell process uses a solvent system (N-methylmorpholine N-oxide monohydrate) that allows for the direct dissolution of cellulose without derivatization. 8 The term Lyocell, given in 1989 for solvent-spun fibers, owes its genesis to the Greek word lyein (meaning dissolve) from which lyo derives and to cell from cellulose. The respective cellulose solution is then spun into an aqueous coagulation bath. The abstinence of any additional hazardous chemicals renders this process the more environmentally benign option. However, stabilizers 9,10 and high process temperatures in the Lyocell process add to the energy and material costs and cause higher emission to the environment.
Both processes typically require so called dissolving pulp, i.e. highly purified cellulose from which lignin and hemicelluloses have been removed to a great extent. This limits their application when it comes to the use of less-refined materials such as cellulosic waste material.
More than a decade ago, ionic liquids (ILs) have been suggested to be promising solvents for cellulose processing, 11 stimulating worldwide intensive research activities in this field. 12 Various cellulosic solutes, including structural analogs such as chitin 13 and chitosan 14 or complex polymer matrixes such as wheat straw 15 or wood, [16] [17] [18] were dissolved in different ILs and processed to produce fibers and films. However, nearly all reports on IL-based fiber spinning describe the use of imidazolium based ILs which show several intrinsic properties that can cause severe problems when advancing fiber spinning from a lab-scale syringe pump extruder to industrially applicable spinning equipment. Polar imidazolium-based ILs typically exhibit a limited thermal stability 19, 20 and are prone to degradation reactions of both the solvent itself and the cellulosic solutes. [21] [22] [23] [24] [25] More importantly though, most ionic liquid-polymer solutions do not show the right visco-elastic properties required for a Lyocell-type fiber spinning. 26 The stable extrusion of filaments alone is not sufficient for an industrially applicable spinning process. In the course of dry-jet wet spinning, the spun filaments first pass a small air gap before they enter the water bath where the solid cellulose fibers form upon instantaneous coagulation through rapid solvent exchange. In the air gap the filaments are stretched by adjusting the fiber take-up velocity to a multiple of the filament extrusion velocity. This so called draw exerts elongational stress on the polymer solutions and is the key feature of air-gap spinning. It causes the cellulose chains to align along the fiber axis. The highly oriented structure is preserved upon coagulation, resulting in filaments with high mechanical strength typical for Lyocell-type fibers. Filament draw is further detrimental to reduce the diameter of the final cellulosic fiber. Fibers in the range of 1-2 dtex (ca. 10-13 µm) ‡ are needed to produce yarns for textile applications. The diameter of the spinneret orifices, however, can only be reduced to a certain extent as several breaching mechanisms in the air gap depend on the initial filament diameter. 27, 28 If the filament is too thin at its exit point it will break in the air gap and impede spinnability. Thus, the drawability of an initially thick filament is a key feature of the dryjet wet spinning process to yield thin and strong fibers. The two archetypical ILs [bmim]Cl and [emim]OAc do not fully satisfy the criteria outlined above.
[Bmim]Cl suffers from a high melting point, necessitating rather high process temperatures. Thus, stabilizers similar to in the case of NMMO are needed to avoid degradation of dissolved polymers. 29, 30 [Emim]OAc has been promoted as an excellent cellulose solvent due to its low viscosity. However, usually the reports do not address the problem that filaments extruded from [emim] OAc-cellulose solutions can only be stretched to a limited extent because they lack the required elasticity. 26 We have recently introduced 1,5-diazabicyclo[4.3.0]non-5ene-1-ium acetate ([DBNH]OAc) as a novel ionic liquid (IL) that shows excellent properties for the production of man-made cellulosic fibers ( Fig. 1 ). 26, 31, 32 [DBNH]OAc can dissolve a wide range of biopolymers including hemicelluloses and lignin at low temperatures and does not show side reactions as observed in imidazolium based ILs. More importantly though, even with a large share of secondary biopolymers such as lignin and hemicelluloses, the [DBNH]OAc solutions showed appropriate visco-elastic properties to withstand the high elongational stress caused by the draw in the air gap and, consequently, revealed excellent spinnability in a Lyocell-type dry-jet wet spinning process. In order to highlight the resemblance to Lyocell this IL-based process was termed Ioncell-F(iber).
Its broad tolerance towards various polymers allowed one to dissolve and process also less refined cellulosic materials. Instead of highly refined dissolving pulp, cellulosic waste material was used as feedstock for the production of textile fibers. Paper can typically undergo only a limited number of recycling cycles as the pulp fibers are shortened gradually. Extensively shortened fibers cannot be reused for paper production. If they are not destined for landfill they might find their final end-use as a filler material in composites or insulation materials. By contrast, the production of textile staple fibers is insensitive towards the length of the original paper pulp fiber and only depends on the cellulose's degree of polymerization which is typically still higher than that actually required. Thus, value-added products can be manufactured from low-grade waste materials. Earlier attempts to use NMMO for the production of textile fibers from cellulosic waste were confined to lignin free paper and resulted in fibers with very low mechanical strength (20 cN tex −1 ). 33 No further reports on this topic appeared, presumably because of the complex side reactions that can occur at the rather high processing temperatures (110-130°C) required for NMMO spinning. In particular lignin might undergo unexpected degradation reactions in the presence of the redox-active N-O moiety of NMMO, although cellulose-lignin blends have been spun successfully from NMMO solution. 34 This problem is bypassed through the relative chemical inertness of [DBNH]OAc and moderate process temperatures (70-80°C).
In the study at hand, recycled white fine paper and cardboard were used as raw materials to produce cellulosic textile fibers. The raw material was refined gradually to identify the minimum refining needed to turn waste material into feedstock for man-made cellulosic fibers. Experimental Materials A4 copy paper sheets of 80 g m −2 grammage were used as fine paper. Cutting residues from a Finnish fluting board mill were used as a cardboard source. The fine paper contained about 73% of fully bleached chemical pulp and 27% of inorganic material analyzed as ash content. The cardboard was a mixture of mechanical, semi-chemical and chemical pulps having a high lignin content of over 10% and an ash content of about 5%. Beechwood organosolv lignin was received from Fraunhofer Institutes (Germany) and added to a pulp solution for the final demonstrator garment. Ecopulp® was purchased from AB Enzymes, Finland. H 2 SO 4 (2 M) and NaOH solutions (1 N) were obtained from OY FF-Chemicals Ab, Finland; 50% NaOH solution from Algol Chemicals Oy, Finland; solid NaOH flakes and H 2 O 2 (30% solution) from Merck-KGaA, Germany; Na 2 S from Tessenderlo Chemie, Switzerland. Cl 2 O solution was prepared as described earlier. 35 Synthesis of [DBNH]OAc. 1,5-Diazabicyclo[4.3.0]non-5-ene (99%, Fluorochem, UK) and acetic acid (glacial, 100%, Merck, Germany) were used as received.
[DBNH]OAc was prepared by slowly adding equimolar amounts of acetic acid to DBN while diverting the exothermic reaction enthalpy by active cooling. Upon complete addition, the mixture was further stirred for 1 h at 80°C.
Raw material refining
The refining steps for the recycled materials are illustrated in Scheme 1.
Super DDJ. The removal of fines and inorganic materials was carried out using a Super DDJ (Dynamic Drainage Jar) equipment, which is composed of a tank with a 200-mesh (76 μm) wire and a mixer. Treatment was carried out at ca. 1% consistency. After this stage the intrinsic viscosity and chemical composition of the yielded material were determined.
Kraft cooking. Recycled board fibers were subjected to a classical kraft cooking in order to decrease the lignin content using an electrically heated 15 litres rotating digester. The effective alkali charge in the cooking step was 5 mol kg −1 at a sulphidity of 35% (6 : 1 liquor to wood ratio, 160°C, 190 min).
Subsequently, the pulp was washed, homogenized and characterized.
Cold caustic extraction. Hemicelluloses were removed via cold caustic extraction (CCE) under the following conditions: NaOH concentration: 70 g l −1 , retention time: 60 min at room temperature, and 10% consistency. Subsequently, the pulp was washed, homogenized and characterized.
DEpDP-bleaching. The pulp was bleached using the ECF sequence DEpDP in a respective bleaching reactor. After each bleaching stage, the pulp was washed, homogenized, and characterized. Bleaching conditions are summarized in ESI, Table S1 . † Enzyme treatment and acid washing. Before dissolution in [DBNH]OAc and spinning, each pulp sample was treated enzymatically to adjust the pulp's intrinsic viscosity and acidwashed to remove residual metals. Enzyme treatment with commercial endoglucanase was carried out at 50°C for 120 min (0.02-0.1 mg per g pulp). The initial pH was adjusted to 5. The target viscosity level was 400-500 ml g −1 . For the acid washing stage, the pulp was suspended in sulphuric acid at pH 2.5 and 25°C for 15 min. Subsequently the pulp samples were washed, homogenized, and characterized.
Pulp dissolution and filtration
Prior to dissolution of refined paper and cardboard, [DBNH] OAc was liquefied at 70°C. The spinning dopes were prepared in a vertical kneader system as described previously. 36 Air dried pulps were mixed with the IL and kneaded for 1.5 hours at 80°C and 10 rpm under reduced pressure (50-200 mbar) . The obtained solutions were filtered via a hydraulic press filter device (metal filter mesh with 5 µm absolute fineness, Gebr. Kufferath AG, Germany) with 2 MPa at 80°C to remove undissolved substrate impurities which would deteriorate the spinnability. The dope was then shaped into the dimension of the spinning cylinder and solidified upon storage at room temperature.
Rheological measurements
Shear rheology of all the solutions was measured with an Anton Paar MCR 300 rheometer with a parallel plate geometry (25 mm plate diameter, 1 mm gap size). The viscoelastic domain was determined by performing a dynamic strain Scheme 1 Purification procedure steps of fine paper and cardboard.
Paper
Green Chemistry sweep test and a strain of 0.5%, which fell well within the linear viscoelastic regime, was chosen for the frequency sweep measurements. Each sample was subjected to a dynamic frequency sweep between 60 and 90°C over an angular velocity range of 0.1-100 s −1 . Complex viscosity (|η*|) and storage (G′) and loss (G″) moduli were recorded. Assuming that the Cox-Merz rule § was valid, 37,38 the zero shear viscosity was determined by fitting the complex viscosity data with the three-parameter Cross viscosity model. 39 Spinning, washing, and drying
Multi-filaments were spun on a customized laboratory piston spinning system (Fourné Polymertechnik, Germany) as described previously (Fig. 2 ). 26 The solidified solution was placed in the cylinder in which the dope is heated to 70°C to form a highly viscous, air bubble free spinning dope. The molten solution was then extruded through an 18-hole spinneret with a capillary diameter of 100 µm and a length to diameter ratio (L/D) of 0.2. After passing through a 1 cm air gap, the filaments were coagulated in a water bath (15°C) in which the filaments were guided by Teflon rollers to the Godet couple. The extrusion velocity (v e ) was set to 0.80 ml min −1 (5.66 m min −1 ) while the take-up velocity (v tu ) of the Godet varied from 5 to 100 m min −1 depending on different samples. The draw ratio is defined as DR = v tu /v e . The fibres were washed in hot water (60°C) and air dried.
Yarn spinning and knitting
The spun continuous filament was cut into staple fibers and then spun to yarns at the Swedish School of Textiles (University of Borås, Sweden) using a Mesdan lab mini spinning line comprising a Laboratory carding machine, a Stiro-Roving-Lab, and Ring-Lab Fibers. A two-ply yarn was produced and then knitted with a Stoll flat bed knitting machine. A detailed description of the yarn preparation and knitting was given earlier. 40 
Molecular weight distribution
Prior to the analysis, the samples were cut into small pieces andif neededdelignified in aqueous sodium chlorite solution according to Wise et al. 41 The intrinsic viscosity of the blends was determined in cupriethylenediamine (CED) according to the standard method SCAN-CM 15:99.
The molar mass distribution was characterized by gel permeation chromatography (GPC). The GPC-system consisted of a pre-column (PLgel Mixed-A, 7.5 × 50 mm), four analytical columns (4 × PLgel Mixed-A, 7.5 × 300 mm) and a RI-detector (Shodex RI-101). After a solvent exchange sequence, to remove the residual water and activate the sample in N,N-dimethylacetamide, the samples were dissolved in 90 g l −1 LiCl/DMAc at room temperature under constant slow speed magnetic stirring. In order to facilitate the dissolution in LiCl/DMAc, B1 pulp and fibre samples were additionally treated with ethylenediamine (EDA) following the protocol of Yamamoto et al.
(2011). 42 The dissolved cellulose samples were then diluted in pure DMAc to reach a concentration of 1 mg ml −1 in 9 g l −1 LiCl/DMAc. Filtration with a 0.2 µm syringe filter was carried out and a volume of 100 µl was separated at 25°C at a flow rate of 0.750 ml min −1 with 9 g l −1 LiCl/DMAc as an eluent. Pullulan standards with molecular weights ranging from 343 Da to 708 000 Da were selected for the calibration. A correction of the molar mass distribution obtained by direct-standardcalibration was performed with an algorithm calculating cellulose-equivalent molar masses of pullulan standards (MM celluose = q* MM p pullulan , with q = 12.19 and p = 0.78) as described earlier. 43, 44 
Chemical composition
The chemical compositions (carbohydrate, total lignin) of the raw materials and fibers were analyzed according to NREL/ TP-510-42618. The amount of carbohydrates was detected by high performance anion exchange chromatography with pulse amperometric detection (HPAEC-PAD) using a Dionex ICS-300 system. The cellulose and hemicellulose contents were calculated according to the amount of monosaccharides following the Janson formula. 45 
Mechanical analysis of fibers
Linear density (dtex), tenacity (cN tex −1 ) and elongation to break (%) were determined in both conditioned (23°C, 50% RH) and wet states using a Vibroskop-Vibrodyn system (Lenzing Instruments GmbH & Co KG, Austria). Ten fibres per sample were tested. The gauge length was 20 mm, pretension 5.9 ± 1.2 mN tex −1 , and speed 20 mm min −1 according to DIN 53816. The Young's modulus of the spun fibres was calculated from the slope of the entire elastic region of the stress-strain curves with a Matlab script according to the ASTM standard D2256/D2256M. Fig. 2 Left: schematic depiction of the customized laboratory piston spinning system (v e = extrusion velocity, v tu = take-up velocity); right: liquid filament in the air gap. After exiting the spinneret capillary the polymer solution shows dye swelling (exaggerated depiction) before the filament is thinning rapidly due to the draw force generated by the increased take-up velocity. 26 § The Cox-Merz rule is an empirical postulate stating that the complex and dynamic viscosities of a polymer solution or melt are identical at corresponding angular frequencies and shear rates, respectively. It is thus possible to calculate the zero-shear viscosity from the complex viscosity curve obtained in an oscillatory measurement.
The total average orientation of both amorphous and crystalline cellulose in each fiber sample was determined using a polarized light microscope (Zeiss Axio Scope) equipped with a 5λ Berek compensator. The birefringence Δn of the specimen was obtained by dividing the retardation of the polarized light by the thickness of the fiber, which was calculated from the linear density (titer) using a cellulose density value of 1.5 g cm −3 . 46 The total orientation was then derived by dividing Δn by the maximum birefringence of cellulose of 0.062. 47, 48 
Results and discussion
Chemical changes through raw material pre-treatment Two recycled materials were chosen as cellulose sources: white fine paper and cardboard. These two feedstock materials have undergone different refining procedures during their manufacture which was reflected in their initial composition summarized in Table 1 . Cardboard consisted of a mix of different, low refined pulps and showed a lignin content of 16.6%. Both cellulose sources contained ca. 20% of hemicelluloses. In order to determine the influence of the solute composition on the spinnability and final fiber properties, the raw material was refined stepwise as depicted in Scheme 1. The samples were taken after each refining step, dissolved in [DBNH]OAc and spun into fibers. Both paper and cardboard contained a significant amount of inorganic material (determined as ash content) that had to be removed together with fines in a first purification step using a Super Dynamic Drainage Jar to produce pulp samples P1 and B1, respectively. Residual lignin in cardboard was largely removed via classical kraft cooking (B2). Cold caustic extraction led to a reduction in hemicellulose to yield paper and cardboard-derived samples P2 and B3, respectively. Final bleaching in the cardboard stream reduced the lignin content further and increased the brightness of the final fiber (B4 and B5). The intrinsic viscosity of all pulps was then adjusted via enzymatic treatment to a level of 400-500 ml g −1 . It was found earlier that pulps within this particular viscosity range showed the highest spinnability upon dissolution in the IL which is in line with the requirements of the industrial NMMO-based Lyocell process. Both paper and cardboard contained a considerable amount of metal ions introduced primarily during pulping and product manufacturing (see ESI, Table S2 †). In particular, cardboard showed high levels of calcium, silicon, magnesium, and aluminum. Metal ions would accumulate in the ionic liquid solvent medium and can catalyze side and degradation reactions. Since isolation of metal ions from an ionic liquid would be a considerable challenge, their introduction into the system should be avoided in the first place. They were thus removed in a final acid washing step before dissolution of the respective pulp.
Molar mass distribution of refined materials
Paper derived sample P1 showed a typical bimodal molar mass distribution (MMD) deriving from hemicelluloses at lower molar mass and cellulose at higher molar mass, respectively ( Fig. 3 , top and ESI, Table S3 †). In accordance with the carbohydrate analysis, the hemicellulose peak for the P2 sample was notably decreased after the CCE step. Fig. 3 (bottom) shows the MMD of the board samples. The bimodal MMD of the carbohydrate fraction is preserved in all pretreatment steps with the exception of B4 where the removal of the hemicelluloses via CCE is again reflected by the disappearance of the peak at low molar mass. The cellulose fraction, however, remains virtually undegraded (see also ESI, Table S3 †). The MMD curve of B1 is clearly shifted to lower molar mass values. This, however, is an artefact deriving from the delignification and solvent exchange procedures needed to render B1 pulp and fiber samples soluble in LiCl/DMAc. Thereby, the carbohydrates undergo degradation. In untreated B1 samples cellulose is connected to lignin and cannot be dissolved properly for analysis. The effects of these supramolecular structures on the spinnability will be discussed in the next chapters.
Dissolution in [DBNH]OAc
Independent of the degree of refining and residual lignin and hemicelluloses all pulps dissolved readily in [DBNH]OAc. Typically, solutions of 13 wt% pulp in [DBNH]OAc were prepared following the protocol described earlier. 26 The viscoelastic properties were assessed by means of oscillatory shear measurements. Frequency sweeps were recorded at different temperatures to capture the frequency dependent dynamic moduli and complex viscosity. Assuming the validity of the Cox-Merz rule, the zero-shear viscosity (η 0 ) was calculated and the cross-over point (COP) of storage and loss modulus determined. It was found that stable fiber spinning required a η 0 of around 30 000 Pa and a COP located at ca. 1 s −1 and 3000-5000 Pa. This finding was crucial as it sets the upper and lower limits of solute concentration and allowed us to predict the temperature at which stable spinning was anticipated. For instance, the intrinsic viscosity of P1 and B2 was a bit higher and it proved beneficial for the spinnability to lower the solute concentration to 11.5 wt%. The rheological key values are summarized in ESI, Table S4 . †
Fiber spinning
The obtained solutions were spun using a customized piston spinning unit (spinning temperatures are given in ESI, Table S4 †). Good spinnability in the context of dry-jet wet spinning is reflected in a high possible draw-ratio (ratio of take-up velocity to extrusion velocity); that is, the filament can be stretched to a great extent to reduce the final diameter of the fiber and increase the total cellulose orientation in the resulting fibers.
Fine paper could be spun already after removal of fines. The high hemicellulose content of more than 20% did not impair the spinnability and a draw of 14 was accessible. The resulting fibers showed already a high tensile strength of almost 38 cN tex −1 (600 MPa). Cold caustic extraction reduced the hemicellulose content to 11% and improved the spinnability even further. The reduction in hemicellulose content and, consequently, the relative gain in high molecular weight cellulose (ESI, Table S3 †) are reflected in the higher mechanical properties of the P2 fibers. In the course of the spinning process the biopolymer composition changes only to a very minor extent. The hemicellulose content is reduced slightly (see Table 1 ) indicating that a small share is not coagulated but kept in the spin bath solution. It was shown earlier that low molecular weight hemicelluloses can be solubilized by IL-water mixtures. 49, 50 Due to the low processing temperatures and the high inertness of the ionic liquid solvent almost no cellulose degradation was observed. The molar mass distribution of the carbohydrates was preserved nearly entirely ( Fig. 3 and ESI, Table S3 †).
All board-derived pulps exhibited excellent spinnability in [DBNH]OAc with the exception of B1 which showed improper visco-elastic properties. The gel-like state of B1-solutions prevailed also at elevated temperatures and impaired the extrusion of filaments with the correct viscoelasticity to be drawn in the air gap. Despite being fully solubilized, residual native lignin intimately bound to cellulose forms macromolecular network structures in solution which cannot withstand the high uniaxial elongational stress exerted during the draw. Thus, only a moderate draw ratio of 3.5 was possible which resulted in relatively thick fibers with weak mechanical properties. Mild kraft cooking removed lignin to a great extent and reduced the hemicellulose content slightly (B2). The difference in spinnability was marked. High draw ratios and high tenacity fibers were accessible instantaneously. Further hemicellulose extraction (B3) and lignin reduction via bleaching (B4) improved the final fiber properties only slightly. However, the final bleaching step did reduce the brown hue of the fiber. Thus, the CCE step was skipped and the fibers were bleached directly after kraft cooking to obtain only slightly colored high-strength fibers (B5).
As observed for paper-based fibers, a very small share of hemicelluloses was not recovered in the spun fiber (Table 1) . Small lignin losses were detected for B2 and B3 but not for the bleached fibers B4 and B5. Interestingly, lignin was fully recovered in the case of lignin-rich B1. This again indicates that the lignin is bound to the carbohydrates and the composite macromolecules are fully precipitated upon coming in contact with water.
Also in the case of cardboard, the molar mass distribution of the carbohydrates was preserved entirely during the spinning procedure ( Fig. 3 and ESI, Table S3 †).
Mechanical properties of spun fibers
The mechanical properties of the spun fibers depend on the orientation of the polymers, which is influenced by the composition of the pulp in two ways. The total orientation of the fiber is mainly determined by the cellulose chains having a considerably higher molar mass than lignin or hemicellulose. Thus, a large share of hemicellulose or lignin will inevitably weaken the fiber compared to pure cellulose fibers spun under the same conditions. The composition, however, also affects the visco-elastic properties of the spin solution which defines the maximum draw. Non-ideal elasticity will impede high draw ratios, resulting in fibers with low orientation. This is particularly visible in the case of B1 where only a draw ratio of 3.5 was possible. As the draw is increased the fibers develop both total orientation and strength (see ESI, Tables S5-S11 †). 32, 51, 52 The mechanical properties of the fibers spun at different draw ratios are summarized for each sample in Tables S5-S11 in the ESI. † The tenacities (tensile strength) of all fibers at maximum draw in conditioned and wet states are illustrated in Fig. 4 . With the exception of B1, fibers with tenacities of around 40 cN tex −1 (600 MPa) or higher could be spun from all pulps. Even at a hemicellulose and lignin content of 16% and 1%, respectively, B2 and B5 derived fibers showed tenacities of ca. 45 cN tex −1 (675 MPa). CCE treated B3 and B4 touched even 50 cN tex −1 (750 MPa). All waste material fibers showed only a minor drop in mechanical strength under wet conditions. This is a typical feature of Lyocell-type fibers.
The mechanical properties of the spun fibers were compared to commercial man-made cellulose fibers and fibers spun with the same IL and conditions using a hardwood prehydrolysis kraft pulp (Fig. 5) . The respective stress-strain curves can be found in the ESI (Fig. S1 ). † The Young's moduli were calculated from the entire elastic region. The wastematerial based fibers were slightly inferior to those spun from dissolving pulp but exhibited nevertheless excellent properties, rendering them attractive also as reinforcing fibers for composite materials.
Demonstrator garment production
The combination of kraft cooking and bleaching at various intensity levels allowed for the preparation of naturally dyed fibers covering a wide spectrum of brown hues. The spun filaments were cut into staple fibers and converted into yarns as described in detail earlier. 26, 40 Depending on the amount of lignin, the yarns exhibited different shades of brown. Fig. 6 shows photographs of small prototype fabrics knitted with different yarns to demonstrate the potential of lignin as a dye substituent.
Recycling of the ionic liquid and coagulation water
A virtually quantitative recovery of the ionic liquid solvent is mandatory from an economic and ecological perspective and is a prerequisite to advance laboratory demonstrations to commercially feasible concepts. Currently, water evaporation trials are conducted using a thin film short path evaporation system to reduce the thermal impact on the [DBNH]OAc-water mixture. At the same time the chemical stability and toxicity of neat and aqueous [DBNH]OAc are tested. Also, separation methods to remove oligosaccharides that remain dissolved in the coagulation bath are developed. Some but not all techniques established in the NMMO-based Lyocell process can be adopted. The research is ongoing and results will be reported elsewhere in due time.
Conclusions
Capitalizing on the recently identified solubility power of the ionic liquid 1,5-diazabicyclo[4.3.0]non-5-ene-1-ium acetate it was possible to dissolve the cellulosic waste material to produce high strength fibers suitable for textile applications. Only mild refining of the raw material was needed once the lignin-carbohydrate complexes were destroyed. The adjustment of the cellulose DP was a prerequisite. The obtained solutions showed excellent spinnability at moderate temperatures resulting in cost-efficient fibers with high tensile strength and Young's modulus. During the spinning process, carbohydrates were preserved almost entirely, i.e. the molar mass distribution was not changed and only small amounts of hemicelluloses were not coagulated within the fibers but lost in the spinning bath instead. Bleaching was possible but not necessary as the resulting color could serve as a natural dye in the garment production. Evidently, the color is irrelevant when using the described fibers as a high strength reinforcement in non-transparent composite materials.
In continuation of the results presented herein, research on the use of genuine newsprint paper waste as feedstock is ongoing. Newsprint typically consists of a large share of coarsely refined thermo-mechanical wood pulp which requires additional pulping procedures to unlock the cellulose in the matrix. Alternative methods to save chemicals and energy such as e-beam treatment are currently pursued. 
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